Lipid homeostasis, obesity and coronary heart disease (CHD) are complex conditions influenced by combinations of genetic, dietary, behavioral and social factors [6] . The dramatic, recent increase in the prevalence of
Introduction
Advances in genome-wide genotyping technology, genome-wide association studies (GWAS) and improved statistical methods to detect natural selection in human populations facilitate discovery of links between genetic variants under positive selection and disease. Drawing on recently reported putative adaptive genetic variants from genome-wide scans and associations, we discuss the importance of genetic variants under positive selection, which contribute to the risk of, and understanding of, genetic architecture of dyslipidemia, heart disease and obesity in human populations.
Adaptation of the genome and its implications
Over the past 100 000 years, humans have experienced diverse adaptation to changes in the local environment, including food resources, geography, climate, culture and pathogens. Such adaptation driven by natural selection has been imprinted in the genome as fixation, or changes of frequency of variant alleles or linkage disequilibrium patterns [1] [2] [3] [4] . Advantageous adaptive genetic variants are functional variants underlying the diversity of phenotypes observed in contemporary populations, including skin color, body composition, metabolic rate and disease risk. For instance, variants at the lactase locus, which permit carriers to tolerate dietary lactose into adulthood, have been driven to high frequency in many European and some African populations in response to dairy farming over the past 10 000 years [5] . Well established theories in population genetics and new methods of analysis to detect natural selection enabled genome-wide screens for genetic signatures of old and recent positive selection [2] [3] [4] . However, it remains to be illustrated the extent to which variants under putative positive selection are linked to risk of disease.
Diet may influence both health and genome adaptation obesity in many populations as well as the status of heart disease as America's number one killer suggest prominent consideration of gene-environment interactions because the rate of environmental change has been much more rapid than adaptation of any human genome [7] [8] [9] . In response to prolonged exposure to periods of famine, natural selection favored energy storage for survivability. However, in many present-day societies with food overabundance and sedentary lifestyles, alleles selected for thriftiness may now confer risk of obesity, dyslipidemia and heart disease [10] .
Statistical methods for detecting selection
The primary statistical methods to detect positive selection based on population genetics algorithms are amino acid substitution rate, haplotype and linkage disequilibrium, site frequency spectrum (SFS) and population subdivision tests [11] . The integrated haplotype score (iHS) detects positive selection for variants that have not reached fixation (<30 000 years ago) based on differential levels of linkage disequilibrium surrounding a positively selected allele as compared with the background allele [1, 12] . Extended haplotype homozygosity (EHH) detects positive selection based on high frequencies of long haplotypes. SFS tests, such as Tajima's D and Fay and Wu's H, detect selection from about 80 000 or 250 000 years ago to recent by use of allele frequencies in individuals segregating nucleotide sites. Fst statistics can describe the partitioning of genetic diversity within and among populations [13] . These methods have been reviewed in detail [11] . On the basis of HapMap phase II data, use of Haplotter, (http://hg-wen.uchicago. edu/selection/haplotter.htm) provides test statistics of P values for 2 501 050, 2 366 655 and 2 795 352 singlenucleotide polymorphisms (SNPs) from European, Asian and African populations, respectively [12] . To identify SNPs subjected to putative positive selection based on Tajima's D and Fay and Wu's H method, we have selected those SNPs, which associate with lipid, obesity and heart disease phenotypes and are within the upper 5% of the empirical P values. Haplotter data based on iHS and other positive selection data [14] were also mined to identify disease loci under positive selection.
Adaptive genetic variants and risk of dyslipidemia and heart disease
As modern human populations adapted to local surroundings, diet was likely key in driving changes in frequency of specific, selected genetic variants. Fat intake in the ancestral diet would certainly have played a crucial role in adaptation, as this is a calorie-dense energy source to survive times of low food supply. Thus, it is expected that in the past 100 000 years, positive selection acted upon polymorphic sites in genes important in lipid metabolism. Today, individuals who carry these adaptive variants in an environment of high-fat meals and low physical activity could be at increased risk for dyslipidemia and heart disease. The last few years have seen many candidate genes affecting blood lipids and heart disease risk identified from GWAS and candidate gene studies. These lipid traits include LDL-cholesterol (LDL-C), HDL-cholesterol (HDL-C), triglyceride and total cholesterol measured in serum. Although many such genes and polymorphisms have been described, it is important to note that some genetic variants are under positive selection ( Table 1 [ 15-21,22 ,23,24 ,25-38] ).
Results from GWAS have uncovered only a small proportion of genetic variation. In particular, although the Framingham Heart Study identified 30 loci contributing to polygenic dyslipidemia [20] , seven of those (23%) show strong likelihood to be adaptive variants ( Table 1) . The European Network for Genetic and Genomic Epidemiology (ENGAGE) study [16] of 16 European countries with 22 562 participants identified 22 loci contributing to variation in blood lipid levels and six (27%) are likely under positive selection ( Table 1 ). The Whitehall II Study [24 ] of 5592 European participants reported 195 SNPs in 16 genes/regions associated with three major lipid fractions and two apolipoprotein components, with seven of those genes under positive selection. However, it is puzzling that these studies, and others, show concordance at a few major loci but still only define at most 15% of the genetic variation for such traits as LDL-C, HDL-C and triglyceride [24 ] .
Proprotein convertase subtilisin-like kexin type 9 (PCSK9) encodes a serine protease that mediates LDL receptor degradation by a post-transcriptional mechanism [39] . Many functional variants have been identified at this locus. Missense mutations that increase PCSK9 activity are associated with hypercholesterolemia [40] , whereas loss-of-function mutations associate with lower LDL-C concentrations [41 ] . Sequencing 28 kbp of the PCSK9 gene in 24 African-Americans and 23 European Americans allowed detection of significant signals of positive selection based on Fay and Wu's H, Tajima's D, Fst and long-range haplotype methods in both populations [41 ] . In particular, according to the relative EHH (REHH) test after correction for background distribution, three potentially functional SNPs, rs2479409, rs562556 (I1470V) and rs505151 (E670G), displayed strong evidence of positive selection.
The APOA1/C3/A4/A5 cluster has demonstrated association with both fasting and postprandial plasma lipid concentrations of triglyceride, HDL-C and LDL-C in directed studies [42] and in GWAS [15] [16] [17] [18] 20, 28, 29] and contributes to risk of heart disease [43, 44] . This gene cluster is likely under selective adaptation [12] . SNP rs2548861 at gene WWOX has demonstrated both function in allele-specific binding to HepG2 cell nuclear extract and association with low-plasma HDL-C levels [27] . WWOX is also subject to positive selection based on the iHS test (Table 1) .
For myocardial infarction and CHD, GWAS have identified 22 loci in European populations, of which four (18%) are likely adaptive genetic variants. Interestingly, for heart attack (late and early onset), only nine genes/ regions have been identified by GWAS [38, 45] , of which three likely experienced positive selection: SORT1/ CELSR2/PSRC1, PCSK9 and PHACTR1. Some of these genetic variants contribute to heart disease risk through the lipid metabolism pathway, whereas some do so via unknown mechanisms. Variants of SORT1/CELSR2/ PSRC1, PCSK9 and MMP3 probably affect heart disease through lipid metabolism pathways, whereas the mechanisms by which CD36 and PHACTR1 cause heart disease remain to be illustrated.
Positive selection and risk of obesity
Several GWAS and other recent findings have described SNPs that associate with obesity phenotypes of BMI, waist circumference and weight. We find that seven (21%) of these 31 variants are under putative positive selection by any of a variety of tests (Table 2) [46-52,53 ,54 ,55,56 ,57,58] . Notably, five separate studies [46] [47] [48] [49] [50] report that variants of NEGR1, encoding a neuronal growth regulator involved in cell adhesion, associate with obesity. At least four reports [47] [48] [49] [50] identify MTCH2, which codes for a factor involved in mitochondrial transport and apoptosis, and its variants as associating with obesity. In addition, the CLOCK gene encodes an integral component of the circadian regulatory system. Variants of this gene and other circadian genes are receiving increased attention for roles in obesity. CLOCK variants associate with waist circumference only when saturated fat intake is high [56 ] . These and many other newly described obesity loci are under positive selection ( Table 2 ). In total, 14 putative genes/regions under Genes and genetic variants identified over the past 2 years as associating with either blood lipid traits or heart disease and noted to be under putative positive selection are listed. When the genotype-phenotype association is known to be modified by an environmental or dietary factor, that factor is also listed. GWAS, genome-wide association studies; HDL-C, HDL-cholesterol; iHS, integrated haplotype score; LDL-C, LDL-cholesterol; PCSK9, proprotein convertase subtilisin-like kexin type 9; SNP, single-nucleotide polymorphism. a Environmental factor modifying the SNP-phenotype association; for GWAS, this was not determined. b APOA1 cluster includes four genes: APOA1, APOC3, APOA4 and APOA5. c Associations mapped to genes BCL7B, TBL2 and MLXIPL.
positive selection that contribute to risk of obesity are listed.
Adaptive genetic variants: function and environmental interaction
An important aspect of identified adaptive genetic variants is that they likely represent functional variants, which contribute to disease risk. At PCSK9, eight nonsynonymous SNPs and one insertion were found within a 28 kbp region in African-American and European American populations [22 ] . Among those variants, three displayed significant positive selection signals by REHH. In addition, adaptation was detected by iHS. A common haplotype containing one of these SNPs (rs505151) is associated with increased LDL-C and higher risk of CHD [59] . Protein structure analysis elucidates the nature of naturally occurring PCSK9 loss-of-function mutants. Three mutations (L82X, Y142X and C679X) result in truncated versions of PCSK9 that disrupt proper folding and secretion of this convertase, which regulates LDL receptor degradation [39] . Two of those mutations associated with 30-40% reduction in plasma LDL-C in African-Americans [60] .
A polymorphism at MMP3, at binding sites for ZNF148 and NFKB1, was identified as under positive selection by Fst [34] . Haplotypes containing this variant displayed significantly increased risk of CHD in a Chinese population [35] . The APOA5 variant rs662799, mapping 1123 bp upstream of the transcription start site, is in strong linkage disequilibrium with a 5 0 -untranslated region SNP thought to affect translation efficiency. SNP rs662799 has been associated with both triglyceride and total cholesterol levels modified by dietary fat [31] . The APOA5 gene also harbors signals of recent positive selection ( Table 1) . It is well known that functional variants or variants in high linkage disequilibrium with a functional variant display more consistent associations. Thus, it should be emphasized that positive selection variants associated with disease phenotypes in one population should also display consistent associations with similar diseases and related phenotypes in other populations. This assumes no epistasis and a similar environment, regardless whether that variant is under positive selection in other populations.
On the contrary, as environmental attributes drive beneficial alleles to high frequencies or fixation, it follows that those adaptive variants, which associate with disease status, are apt to be sensitive to environmental factors, especially dietary and lifestyle. Thus, the importance of gene-environment interactions in disease risk is probably fairly understated. Some examples are provided here of epidemiological evidence of gene-environment interactions in determining lipid and obesity-related phenotypes involving genes and their variants under positive selection. It is anticipated that for many other adaptive variants associating with phenotypes of blood lipids and obesity, there exist gene-environment interactions awaiting characterization.
The APOA2 gene and its encoded protein have demonstrated roles in adiposity and insulin resistance [61] . A polymorphism in the gene control region, À265T>C or rs5082, exemplifies a SNP under positive selection and interacting with a dietary factor, as it contributes to the susceptibility of obesity. Although several studies have shown association of À265T>C with obesity, the most recent has reported that the APOA2-saturated fat interaction modulates the association with BMI in crosssectional, follow-up and case-control analyses in three Adaptive genetic variation and heart disease risk Parnell et al. 119 Genes and genetic variants reported over the past 2 years as associating with measures of obesity and observed to be under putative positive selection are listed. When the genotype-phenotype association is reported to be modified by an environmental or dietary factor, that factor is also listed. GWAS, genome-wide association studies; iHS, integrated haplotype score; SNP, single-nucleotide polymorphism. a Environmental factor modifying the SNP-phenotype association; for GWAS, this was not tested.
independent populations and confirms the importance of this SNP [54 ] . Computational analysis of the À265 region of human APOA2 strongly suggests allele-specific binding of the transcription factor CCAAT/enhancerbinding protein alpha, which participates in adipogenesis [54 ,62] . Furthermore, significant positive selection has been ascribed to this polymorphism [12] (Table 2 ).
Several other examples of genes whose variants both associate with phenotypes relevant to obesity, dyslipidemia and heart disease in a manner modulated by dietary or other environmental factors and are under putative positive selection are listed in Tables 1 and 2 .
Limitations of studies of positive selection variation
Detection of positive selection is often complicated by the fact that adaptive selection could be confounded by recombination, and/or demographic distribution of genetic variants. Although there are many methods to detect positive selection, no one method detects all genetic variants under natural selection. Each method has its strengths to detect a particular adaptive footprint [11] , and accurate detection of all adaptive variants requires use of a suite of methods. In addition, most genome scans for positive selection that are based on SNP genotypes suffer from ascertainment biases. The solution to this problem requires whole-genome resequencing. Further, as adaptive variants are driven by environmental factors, it is thus anticipated that such variants would interact with environmental factors to give rise to disease risk. Most GWAS analyses, however, have not considered genotype by environment interaction. Thus, adaptive genetic variants that are associated with disease risk are likely under-represented by variants identified by GWAS.
Future perspectives
Continued advances in reducing barriers to resequence the human genome will better identify positive selection. Recognition of the role of variants under positive selection in progression of human disease as modified by environmental factors will become widespread. Because differences in environment between populations can hinder replication efforts, it is critical that accurate measures of a full breadth of environmental factors, including dietary intake, physical activity, alcohol and tobacco use, drug treatment and sleep, should be taken in order to fully characterize the role of positive selection in disease. Functional characterization of putative adaptive variants will permit a better understanding of the development of diseases and provide an effective strategy for disease prevention and treatment. Refined approaches to identify adaptive variants, such as the recently described composite of multiple signals [63] , sharpen the classification of variants, often to those that are functional.
Conclusion
It is evident that genetic variants under positive selection make important contributions to obesity and heart disease risk. In addition, we believe that adaptive variants interacting with environmental factors modulate disease susceptibility. The degree to which adaptive variants contribute to dyslipidemia and obesity and how environmental factors modulate the genetic association remain to be fully determined. Availability of genome sequence data from a diverse panel of humans will enable better detection of adaptive variants. We suggest that identifying interactions between adaptive variants and environmental factors such as dietary intake underlying disease phenotypes empower both GWAS and the understanding of the correlation between adaptive variants and the obese and dyslipidemic conditions. Then, applying systems biology approaches of network analysis to the full repertoire of gene-gene and gene-environment interactions will provide a comprehensive means to better understand how environmental factors modulate those genotype-phenotype associations pertinent to human afflictions such as dyslipidemia and obesity.
